In order to identify new transmembrane helix packing motifs in naturally occurring proteins, we have selected transmembrane domains from a library of random Escherichia coli genomic DNA fragments and screened them for homomultimerization via their abilities to dimerize the bacteriophage l cI repressor DNA-binding domain. Sequences were isolated using a modi®ed l cI headpiece dimerization assay system, which was shown previously to measure transmembrane helix-helix association in the E. coli inner membrane. Screening resulted in the identi®cation of several novel sequences that appear to mediate helix-helix interactions. One sequence, representing the predicted sixth transmembrane domain (TM6) of the E. coli protein YjiO, was chosen for further analysis. Using sitedirected mutagenesis and molecular dynamics, a small set of models for YjiO TM6 multimerization interface interactions were generated. This work demonstrates the utility of combining in vivo genetic tools with computational systems for understanding membrane protein structure and assembly.
Introduction
Integral membrane proteins play essential roles in numerous cellular functions, including cell division, intra and inter-cellular signaling, and transport of macromolecules. 1 ± 4 Mutations affecting structure and assembly of membrane proteins often lead to cell toxicity in microbes and pathologies such as cystic ®brosis and Alzheimer's disease in humans. 5, 6 With the advent of modern genomics, integral membrane proteins have gained much attention. For example, they are often identi®ed from genome-wide viability screens for new drug targets. Yet compared to soluble proteins, suf®cient tools generally do not exist to map the interactions that are required for tertiary structure and oligomeric assembly of integral membrane proteins.
In depth structural studies of several model integral membrane proteins such as the human erythrocyte protein glycophorin A (GpA) and phospholamban have de®ned some basic rules of membrane protein structure and assembly. Integral membrane proteins often depend on their transmembrane (TM) segments for assembly into functional structures (for reviews, see 7, 8 ). TM domains are generally thought to adopt an alpha-helical secondary structure, with tertiary structure being determined by interhelical interactions between these preformed domains. 9 The types of helix-helix interactions that can occur among integral membrane proteins are thought to consist primarily of van der Waals interactions, 10 ± 12 with polar interactions sometimes helping to drive the association. 13, 14 Examples of integral membrane proteins whose structure and assembly depend upon helix-helix interactions include the homodimeric glycophorin A, heterodimeric T cell receptor, homodimeric Escherichia coli chemotactic aspartate receptor Tar and human CFTR. 4, 6, 8 In response to the paucity of proteomic and direct biophysical methods for studying membrane proteins, multidisciplinary approaches to study membrane protein structure that combine in vivo genetic techniques with computational modeling are being developed. 12,15 ± 18 Within this arena, we have developed a technique for detecting homodimerization of transmembrane segments from integral membrane proteins. 15 Here, we expanded this assay system to be able to identify novel interacting TM sequences and combine mutagenesis with computational modeling to propose a set of models for the structure of a TM domain complex. By creating a large catalog of TM domain interaction interfaces, ultimately the results could allow predictions of the tertiary and quaternary structures of TM domains from naturally occurring proteins.
To accomplish our goal of identifying novel TM interacting domains, we utilized our in vivo genetic TM interaction technique to monitor homodimerization between transmembrane segments that were selected from a random library of short E. coli chromosomal fragments. Our approach was to generate gene fusions that place the candidate DNA segments between the bacteriophage l cI repressor DNA-binding domain (``headpiece'') and the maltose-binding protein (MBP) lacking its signal sequence. The l cI repressor is responsible for maintaining lysogeny of the lambda prophage as well as preventing superinfection by homoimmune phage. 19 In order to bind the lambda operator DNA, the repressor must dimerize in the cytoplasm. 20 We showed previously that the native C-terminal dimerization domain of the lambda repressor can be replaced by a dimerizing transmembrane domain to reconstitute a functional repressor. 15 By fusing the DNA encoding the mature MBP at the C terminus of the vector system, we were able to select for those DNA fragments that speci®cally encoded a transmembrane domain. If DNA encoding a TM segment is cloned into the random cloning site, the TM segment will facilitate transport of the MBP domain across the inner membrane. In the absence of an endogenous source of MBP, only those clones expressing a periplasmically localized MBP will be able to grow on maltose as a sole carbon source. Although a dimer is the minimum complex required to confer repression by lambda DNA-binding domains, higherorder TM domain complexes may exist in vivo and cannot be distinguished by our assay. Therefore, we refer to the TM domain interactions identi®ed by in vivo screens as being``homomultimeric'', which we de®ne as complexes containing two or more identical TM segments.
Our results demonstrate that our assay system can identify novel helix-helix interactions, and that a combination of genetic and computational approaches result in useful tools to understand integral membrane protein structure and assembly.
Results
Generating an export signal domain library from the E. coli genome
We have developed a genetic system that allows us to select for export signals (ES) (transmembrane domains (TM) and cleavable signal sequences (SS)) from a library of random genomic DNA fragments, and then screen the export signals for those encoding transmembrane domains capable of homomultimerizing. The general strategy is to insert short, random DNA fragments in between sequences coding for the bacteriophage l cI repressor DNAbinding domain and the signal-sequenceless maltose-binding protein. We then select for those fragments that encode export signals, which are capable of transporting the mature MBP across the E. coli inner membrane. This is accomplished by selecting for the ability of the hybrid protein to confer growth on maltose as a sole carbon source, of a strain of E. coli missing its endogenous source of MBP. We then individually assay the ability of the selected inserts to drive dimerization of the l cI repressor headpiece by measuring the ability of the clones expressing the hybrid proteins to prevent infection by a l phage (cI) missing its repressor. This is done by screening for plaque formation on spots of mal clones grown on agar containing l cI phage. The l immunity assay demands that, at a minimum, a l cI repressor headpiece dimer has formed, however this in vivo method cannot predict or rule out higher order TM complexes. Therefore, we will refer to the TM domain associations identi®ed in this work as``multimeric'', meaning at least two helices with at least one interaction interface are involved.
To distinguish between cleavable signal sequences and transmembrane helices, the limmune clones are then screened by Western blot analysis to identify those that produce a full-length tri-hybrid protein (cI headpiece-TM-MBP). Since insertion of a cleavable signal sequence may result in a translational restart and expression of a soluble MBP domain, typically only those inserts encoding TM domains will produce full-length trihybrids.
Insert generation and vector construction
In order to construct a library of export signals, chromosomal DNA from E. coli W3110 was digested with two sets of enzymes. In both cases, the goal was to generate a large number of fragments in the 48-150 nt size range. This size range corresponds to the minimal size necessary to encode a transmembrane domain up to the maximum sized insert (TM ``extramembraneous material'') that we estimated would not be likely to contain a potential extramembraneous``dimerizing'' or``interfering'' domain. For one portion of the library, we completely digested the E. coli chromosome with the blunt ending, four-base cutters AluI and RsaI. This combination of enzymes is predicted to result in a total of 20,000 different fragments (>30 nt), 7168 of which are between 40 -150 nt. For another portion of the library, we partially digested the E. coli chromosome with the enzyme CviJI*. 21 Under the conditions chosen, this very frequent cutter (recognition site RGCN) generates an estimated one million different overlapping blunt-ended fragments in the 40 -150 nt range.
The inserts were cloned into a series of nine vectors ( Figure 1 and Table 1 ). In the vector series, DNA encoding the mature portion of the MBP (Áss malE) is preceded by a unique HpaI cloning site (GTTAAC), shown within the expanded sequence in Figure 1 . In each vector, the HpaI site is present in one of three reading frames (RF1-RF3) relative to the malE DNA, determined by the sequences to the right of AAC. This design allows for the selection of inserted DNA encoding domains capable of exporting the signal-sequenceless MBP. To screen the inserted exporting domains for their capacity to dimerize, the fusion constructs also contain the l cI headpiece at their N termini (cI 1-132). Again, to accommodate all random insert DNA in each vector the l cI headpiece is present in one of three reading frames relative to the following HpaI site, determined by the sequences to the left of GTT. The combination of three reading frames leading from the DNA encoding the l headpiece into the HpaI site, and out of the HpaI site into the DNA encoding the MBP domain results in a total of nine vectors. The vectors are derived from the backbone plasmid pACYC184 and contain the IPTG inducible lacUV5 promoter driving transcription of the fusion constructs. Cloning details for constructing the vectors are described in the Material and Methods.
Selection of export domains from a random E. coli DNA library Figure 2 depicts the scheme for selection of the export domain libraries. Following digestion of the E. coli chromosome and ligation of the small random DNA fragments into a pool of HpaI-digested plasmids containing equimolar amounts of each of the nine vectors, the ligation mixes were transformed into a highly electrocompetent strain of E. coli (TG1), selecting only for the presence of the plasmid TetR marker. This library represented all possible random DNA fragments. Those plasmids were then extracted and a portion was transformed into JAH143, a strain of E. coli lacking an endogenous source of maltose-binding protein (see Table 1 and Materials and Methods for strain construction). These transformants were selected on minimal medium containing tetracycline and IPTG to induce the fusion construct, with maltose as a sole carbon source. Since this selection demanded that MBP be exported to the periplasmic side of the E. coli inner membrane, only those inserts encoding transmembrane domains or cleavable signal sequences that were in frame with MBP would confer growth on maltose. Typically, there were Protein Transmembrane Segment Interactions two sizes of colonies visible after 48 hours of growth on the minimal maltose plates. The smallest clones (borderline macroscopic) did not restreak on minimal maltose plates. Based on sequence analysis of a subset of inserts, these clones did not encode export domains, whereas the larger colonies did. The frequency of large, mal colonies within the total population of tetracycline resistant transformants was 10
À3
. The mal colonies were substreaked and frozen in microtitre dishes.
Expected transmembrane domain library size versus actual number of mal clones analyzed A priori, we did not know how many homomultimerizing transmembrane domains we should expect to detect by our assay method. However, we could estimate the total number of assayable transmembrane domains by analyzing the expected restriction fragments generated from each restriction digest. This was done by determining the hydrophobicities of the segments predicted to be encoded by random inserts generated from the two restriction digest libraries. From a complete E. coli W3110 AluI/RsaI digest, 4500 possible clones were predicted to contain inserts encoding TM domains that were in-frame with l cI headpiece and MBP. This represents an approximation of the total number of TM segments in the E. coli genome. Because of the large number of fragments generated by a CviJI* partial digest, estimates for the CviJI* library were extrapolated from analysis of the E. coli W3110 2 minute region of the chromosome. From these estimates, a CviJI* partial digest library was expected to encode 225,000 clones containing inserts encoding TM domains that were inframe with l cI headpiece and MBP. Since this estimate was from a partial digest, individual sequences were represented multiple times in the total library. When we performed the actual library selection for mal clones, we retained a total of 477 mal clones, 373 mal clones containing AluI/ RsaI inserts (a little over 8 % of the total possible inserts) and 104 mal clones containing CviJI* inserts (0.05 % of total possible inserts), for further analysis. This represented about half of the total mal colonies that were obtained from six independent transformations of plasmids containing inserts. Identification of l l l cI headpiece -TM-MBP chimeras that confer immunity to l l l cI phage
The random TM segment multimerization assay system is a three-step process. In the ®rst stage, described above and shown in Figure 2 , inserts encoding only export signals are selected from a library of all random inserts. In the second stage (Figure 3 ), the inserts are screened for their ability to dimerize the l cI headpiece. This is done by screening for their ability to confer immunity to l cI phage. In this immunity screening assay, a strain is considered to be``immune'' if it has an ef®ciency of plating l cI phage of 2 Â 10 À2 . That is, the total number of phage particles applied the plate (10 5 plaque-forming units (pfu)) was chosen so that each bacterial spot was infected with about 25-50 phage. If no plaques are observed then the ef®ciency of plating (E.O.P) for that strain is <2 Â 10
À2
. This level of stringency was selected because this is the E.O.P. l cI observed using an intermediate dimerizing mutant of GpA TM (L75A) when induced with 10 mM IPTG. 15 We wished to identify TM segments that multimerized in the range of or stronger than the GpA TM (L75A) mutant. The stringency of the screen could be increased or decreased to adjust the pro®le of the multimerizing TM library.
Library cultures were grown in the presence or absence of the inducer IPTG. Mid-logarithmically growing cultures were spotted with a serial dilution block onto media seeded with 10 5 l cI phage in the presence or absence of IPTG. After overnight growth, bacterial patches were observed for the presence of plaques. To identify potential dimerizing inserts, we retained clones that had the pro®le of being sensitive to l cI infection (many plaques observed) when the fusion protein was uninduced and immune to l cI infection (no plaques observed) when induced with 10 mM IPTG and/or 25 mM IPTG. Of the 477 mal clones assayed, about 40 % were immune to l cI infection (E.O.P. 4 2 Â 10
) and not l vir infection. This group was composed of three subsets, 5 % of the total were immune to l cI without induction, 15 % of the total were immune when induced with 10 mM IPTG and the remaining 20 % of the total were immune only when induced with 25 mM IPTG.
In order to determine whether immunity to l cI infection was conferred by a single, full-length l cI headpiece-ES-MBP chimera, Western analyses were performed (data not shown). Total cellular protein was screened for reactivity to anti-l cI headpiece antibody and anti-MBP antibody. Of the clones conferring immunity to l cI phage, those producing a single, full-length protein without visible breakdown were candidates for further study. This screening step eliminates clones with inserts encoding cleavable signal sequences that also generate stably expressed l cI headpiece. Other potential false positives also eliminated at this screening step will be addressed in Discussion. From a Western analysis of 110 independent clones that conferred immunity to l cI phage in the presence of 10 or 25 mM IPTG, 12 produced full-length chimeras with no visible breakdown products ( Table 2 ). The underlined portions of the sequences represent the probable TM segments. Sequences with ( . . . ) represent inserts consisting of a fusion of two random fragments.
Subcloning of selected TMs into pJAH01 multimerization assay vector
Our assay system is designed to detect inserts that contain both an export signal and at least one dimerization interface. To enrich for TM interaction domains, chromosomal digestions were optimized to give random DNA fragments in the size range corresponding to a TM domain or slightly larger. This was done to limit the chances of picking up DNA fragments encoding``extramembraneous'' protein domains that were capable of driving the dimerization of the l cI headpiece. To con®rm which inserts from the pool identi®ed in Table 2 encoded TM domains that were solely responsible for dimerizing the l cI headpiece, the portion of the random sequence corresponding to the pre- 5 pfu of l cI phage. After overnight incubation, patches were screened for the presence of plaques. Immune clones were subjected to Western analysis and clones producing single, full length cI headpiece-ES-MBP chimerae were sequenced to reveal the identity of the inserted domain. Table 2 . Random TM inserts conferring immunity to l cI infection when fused in-frame between l cI headpiece and ÁSS MBP Inserted sequence E. coli chromosomal locus
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dicted TM domain (underlined sequences in Table 2 ) was subcloned into pJAH01 (see Materials and Methods and Supplementary Material, Table 1 , for details on plasmid construction). This vector was chosen for subcloning because it contains only the l cI headpiece and linker as well as a C-terminal cysteine residue. The elimination of MBP sequences reduced the interference of the periplasmic domain with TM dimerization that was observed for other, well characterized dimerizing TM domains such as GpA TM. 15, 16 Interchain disul®de bonding of the terminal cysteine residues, which is dependent upon TM domain dimerization, 15 allowed for identi®cation of chimera dimers on SDS gels (data not shown). The pJAH01 subclones were assayed for their ability to confer immunity to l cI phage by the quantitative l cI plaque assay (see Materials and Methods). Table 3 shows the results of phage immunity assays for clones expressing the subsequences. Six out of the 11 subsequences surveyed did not continue to confer l cI immunity when fused to the l cI headpiece. There might be several reasons to account for the failure of the fusions to confer immunity in the new context. Three of the new fusions produced unstable proteins. These included the fusions containing the out-of-frame inserts from ydcP and ymcA and the fusion containing the non-coding DNA. These protein sequences were stable in the l cI-TM-MBP tri-hybrid, however, probably because the MBP portion of the fusion protein stabilizes the preceding sequences (J.A.L. & J.B., unpublished results; W. Russ, personal comunication). The reason for failing to confer immunity in the other three cases (ybeV, yhfC, and fdoI) might be either that the dimerizing region had been removed or because this new fusion protein has a weaker ability to dimerize than the former. 22 Characterization of the multimerization capability of YjiO TM6
The data in Table 3 demonstrate that several of the TM subsequences continued to show evidence of dimerization upon subcloning. In order to gain further information about the mechanisms of helixhelix interactions, we have initially chosen to characterize potential TM interaction domain(s) isolated from the E. coli protein YjiO in more detail. This TM segment provided the highest level of immunity to l cI phage of the ones that we examined upon subcloning. The TM domain we selected is the sixth TM segment out of 12 predicted TM domains in YjiO. The protein encoded by the E. coli open reading frame (ORF) yjiO is a member of the major facilitator superfamily of multi-drug resistance proteins. 23 YjiO has a high degree of homology to E. coli proteins MdfA and Cmr and has an overexpression phenotype of multi-drug resistance. 23 Recent 2D electron diffraction experiments suggest that one member of the major facilitator superfamily of multi-drug resistance transporters, the TetA protein, may form a trimeric structure in the bacterial membrane. 24 In addition, it has been suggested that TMs 3, 6, 9, and 12 of these family members may face the membrane rather than the water lined channel due to their high hydrophobicities. 25 Other than these cursory studies, little is known about the contacts that may be important for multi-drug resistance protein structure and assembly. As an initial step in understanding the roles of TM domains in protein structure and assembly, we mapped the interaction interface(s) of YjiO TM6.
Comparison of the level of immunity to l cI conferred by multimers of YjiO TM6 to known TM interaction domains YjiO TM6 was identi®ed as having at least one dimerization domain from a library of random inserts that were selected for their ability to export MBP and screened for their ability to confer dimerization of the l cI headpiece. In order to estimate the multimerizing capability of YjiO TM6, we compared its ability to confer immunity to l cI phage to that of known strong, weakly, and non-homointeracting TM domains (Figure 4) . Lawns of E. coli Table 3 . Effect of subcloning random TM domains into pJAH01 on their ability to confer immunity to l cI phage
Immunity is de®ned as a decrease in the ef®ciency of plating l cI phage on clones expressing the cI headpiece-TM chimeras, when induced with 25 mM IPTG. I, immune; S, sensitive. expressing a fusion of l cI headpiece to YjiO TM6, the strongly dimerizing GpA TM, the weakly dimerizing GpA TM mutants L75A and G79V, or the non-dimerizing MalF TM1 were spotted with dilutions of l cI phage by the standard phage assay. Previous work demonstrated that the L75A mutation is moderately disruptive in vitro and in vivo, whereas the G79V mutation is strongly disruptive in vivo and completely disruptive in vitro.
11,15 Figure 4 shows the ef®ciencies of plating l cI on E. coli expressing those constructs when induced with 10 mM IPTG, which allowed for intermediate phenotypes. The data suggest that the strength of YjiO TM6 interaction(s) is/are weaker than wild-type GpA TM dimerization, but stronger than those conferred by the GpA TM (L75A) and (G79V) mutants.
Amino acid replacement mutagenesis of YjiO
Lemmon et al.
10 demonstrated the utility of amino acid mutational analysis for identifying TM domain residues that are important for GpA TM dimerization. In that report, even fairly conservative changes at dimer interface positions resulted in dramatic decreases in dimerization capacity of the helices. Elegant and extensive analyses of the GpA TM dimer by this and other methods demonstrated that the interface positions G79 and G83 were especially critical for helix-helix interactions. 11, 12 Russ & Engelman 26 randomized the GpA TM dimer interface positions, while ®xing non-interface positions as either all alanine or all leucine, and selected the randomized sequences for strong dimerizing capability. From this survey, the pattern G 83 LLLA 87 emerged in four of the sequences selected from the leucine-backbone library. In a companion study, Senes et al. 17 found that the motif GxxxA was overrepresented by 21 % (p > 3.6 Â 10 À21 ) above that expected at random in all TM sequences identi®ed to date. These studies suggested that, like the GxxxG motif, there is a structural and/or functional role for the GxxxA motif in TM domains. We identi®ed this pattern in the YjiO TM6 sequence, and in a similar location within the hydrophobic TM stretch as it resided in the GpA TM-like domains selected from the leucine-backbone library. Therefore, we initially hypothesized that this motif (GxxxA) was critical for YjiO TM6 dimerization.
In order to experimentally determine which residues were important for YjiO TM6 dimerization, we individually changed most residues in the TM domain to alanine, with additional individual substitutions of G16S and A20G, L, or S (see Supplementary Material, Table 2 , for details of mutagenesis). Alanine was chosen as the scanning replacement residue because while being relatively non-disruptive to secondary structure, it is also small and has a relatively hydrophobic side-chain. We measured the ability for the cI headpiecemutated TM chimeras to confer immunity to l cI phage by the standard phage assay (see Materials and Methods). The results of the amino acid substitution experiments are described in Figure 5 .
At the G16 position of YjiO TM6, the substitutions to alanine or serine, a residue with a somewhat polar side-chain, had no effect on l cI infection. This was in sharp contrast to the moderately interfering effect of the GpA TM G79A and dramatically interfering effect of the GpA TM G83A or G83S substitutions on GpA TM dimerization. 10 At the A20 position, a change to the small, less hydrophobic¯exible glycine residue or the bulkier leucine residue had no effect on l cI immunity (not shown, for clarity). The change of A20 to serine, a more polar substitution, had a modest effect on l cI immunity. In contrast, changes of L17, L18, and L19 to alanine, the``xxx'' positions within the GxxxA motif, as well as V15A had dramatic effects on immunity to l cI phage. Changes at most other positions had little or no effect on the ability of YjiO TM6 to multimerize and thus confer repression of l cI phage. These data caused us to reject the hypothesis that the G16 and A20 residues were most critical for multimerization, and instead focus our attention on the entire V15-A20 region. Comparison of ef®ciency of plating l cI phage on l cI headpiece-YjiO TM6 to that of cI headpiece-TM chimerae containing strongly, weakly, or nondimerizing TM segments. Quantitative assays of E.O.P. l cI phage on various cI headpiece-TM chimerae induced with 10 mM IPTG were performed as described in Materials and Methods. A graphical display of the E.O.P. for each chimera is depicted in the ®gure. Values denote the mean E.O.P. and standard deviations from ®ve to ten independent l phage assays.
Molecular modeling of the YjiO TM6 interaction interface(s)
In order to identify potential structures for YjiO TM6 complex, we used the mutagenesis data to sort through a set of possible homodimeric structures obtained by computational modeling of the wild type YjiO TM6 sequence (see Materials and Methods). The modeling program uses a combination of a grid of mutual rotation starting points followed by a molecular dynamics simulation that explores the local energy minima of the entire twohelix rotational interaction space for both lefthanded and right-handed crossing angles. 27 After each molecular dynamics simulation, the helices are annealed and structures with minimum energies for those parameters are output. Similar structures from each run are clustered according to a maximum limit set on the average deviation of their a-carbon backbone atomic coordinates. Each cluster has an average structure. We performed three independent molecular dynamics simulations and generated thirty three average structures. These possible models were narrowed down based on the following criteria.
Each simulation generated three clusters that were more highly populated with similar structures than the other clusters from that simulation. In addition, the three most highly populated clusters from the ®rst run appeared to represent the same models as the three most highly populated clusters in the two subsequent runs. Because of the persistence and highly populated nature of these clusters, we reasoned that these clusters represented the three best potential models for TM6 helix-helix interactions. In support of our experimental data, the models represented by the three most highly populated clusters had the lowest potential energy values for the V15-A20 region. Further analyses of all 33 potential models supported our claims.
Since the V15-A20 region was most sensitive to amino acid changes, we hypothesized that residues in this region constituted part of the helix-helix interactions interface(s). Residues at a dimerization interface have close interatomic distances. Therefore, each intermolecular interatomic distance was calculated for each model structure. The same three highly populated clusters that were selected from the previous analysis represented the models that had atoms with the closest contacts residing in the region V15-A20. All three models described asymmetrical interfaces, the homodimeric interactions lacking pseudo 2-fold symmetry, and all three models predicted helix pairs with left handed crossings. Figure demonstrates an example of how a mutation in the proposed dimer interface region would affect the van der Waals interactions of the two helices at that position. All three models compare the wild type sequence at L18 (red) to the alanine substitution at that position, and its effect on van der Waals interactions with residue A20 (blue). Coordinates for the three models are available as PDB ®les at http://beck2.med. harvard.edu/protein_structure/interface.htm.
Because the mutagenic analyses demonstrated that sequential residues (L17L18L19) were important participants in helix-helix interactions, and the computational analyses resulted in multiple likely models of asymmetric homodimeric interactions, it is reasonable to hypothesize that the YjiO TM6 segment contains more than one interaction interface, and is part of a higher-order complex. Continued mutagenic analysis, combined with biophysical characterization of the homomultimer will be required to further establish the nature of the interactions.
Discussion
We have described a gene fusion assay system that permits selection of export signals out of a library of random sequences from whole genomes and through a series of screening steps identi®es those which contain TM domains that are capable of forming homomultimeric helix-helix interactions. The reporters for this system consist of two domains¯anking a random DNA insertion site. The N-terminal domain of the chimera that 
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reports multimerization consists of the DNA-binding domain of the bacteriophage l repressor, which requires dimerization for binding to its cognate operator DNA. 20 The C-terminal domain of the chimera which reports insertion of an export signal consists of the mature portion of the E. coli maltose-binding protein. MBP requires a signal sequence or a transmembrane domain for proper localization to the periplasmic side of the E. coli inner membrane. The MBP domain, when localized to the periplasm, participates in the uptake of maltose and allows for selection for growth on maltose as a sole carbon source. Using this system, we have identi®ed several amino acid sequences that, when fused to the l cI headpiece, confer immunity to l cI phage infection. We further characterized one of those novel TM interaction domains, YjiO TM6, using a combination of mutagenic and computational analyses. Our data suggest that the Cterminal end of the YjiO TM6 contains one or more helix-helix interaction interfaces that are unlike that reported for the well characterized glycophorin A TM dimerization domain. 8 One of the most extensively studied TM homomultimerization domains is the dimerization domain from the human erythrocyte protein glycophorin A (GpA TM). Biochemical and biophysical approaches, in vivo genetic analyses, and molecular dynamics all support a critical role for the G 79 xxxG 83 motif in GpA TM dimerization. 8, 12, 15, 28, 30 One hypothesis states that the presence of a GxxxG motif in a transmembrane domain indicates that that segment is likely to participate in helix-helix interactions within that region. 17, 20 Is it really possible to predict possible helix-helix interaction domains? Russ et al. 26 and Senes et al. 17 describe companion studies that recognize, both genetically and computationally, other TM sequences that confer dimerization and are found to be overrepresented in the population of all TM domains identi®ed to date. One of those sequences is comprised of the amino acid pair GxxxA 17 and more speci®cally GLLLA. 28 Russ & Engelman 26 identi®ed the GLLLA motif in sequences selected for their strong propensities to multimerize. They acknowledge that, although the backbone for the random library of sequences is the GpA TM domain, where the randomization occurred in the positions corresponding to the GpA TM interface residues, some of the sequences selected as strongly multimerizing may in fact now behave as left handed or contain asymmetrical interfaces. We identi®ed this sequence within YjiO TM6 and hypothesized that it contained dimer interface residues. What we found, however, is that in contrast to the critical nature of the 1 and 5 positions of the GpA TM GxxxG motif, in YjiO TM6 the three intervening leucines (GLLLA) occupied the positions most sensitive to alanine replacement mutagenesis. When the YjiO TM6 segment was subjected to molecular modeling, several possible models for YjiO TM6 helix-helix interactions prevailed, all of which depict the a-helices in left-handed crossings with asymmetrical interfaces. These two features are entirely distinct from those of the widely studied GpA TM interface, which consists of a right handed crossing of symmetrical TM segments.
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These particular models were ®rst selected because they represent average structures of highly populated clusters of similar, and therefore suggestive of chemically good, structures. In support of the cluster popularity argument, computational ana- lyses demonstrated that these models all contained interface residues residing within the V15-A20 region whose van der Waals interactions could be altered by mutations that proved to be highly disruptive in the alanine replacement experiments. None of the likely models represent symmetrical dimers. In addition, the likely models suggested three unique, nonsimultaneous interfaces. This combined with the preliminary structural analyses of the multidrug resistance homolog TetA, which suggest a homotrimeric complex, raise the possibility that the YjiO TM6 helix is involved in a multimeric rather than a dimeric helix-helix interaction. Further mutational analysis and modeling coupled with biophysical studies will be required to establish the size of the YjiO TM6 homomultimeric complex and to test the proposed models.
The goal of our study was to identify helix-helix packing motifs within naturally occurring protein TM domains. However, the types of interactions that we screened for and the models that we generated for the structures of the YjiO TM6 interactions only address the homomultimeric nature of the TM domains. These segments may also be involved in hetero-interactions, perhaps with an antiparallel partner TM in the native protein. By continuing to screen for more homomultimerizing segments, we can construct a catalog of motifs that participate in close helix-helix associations. Ultimately we wish to identify these sequence motifs in naturally occurring proteins and determine, both computationally and experimentally, whether our catalog has any predictive value on the role of these motifs in whole membrane protein structure and assembly.
Technical considerations of the multimerizing TM domain assay
The construction of a TM domain library demands that relatively small DNA fragments be generated. Typical TM domains are in the range of 17-20 amino acid residues. In order to bias the library towards clones containing small inserts, we chose two sets of digestion conditions: one consisting of a full digest with two four-base cutters AluI and RsaI, and one consisting of a partial digestion with CviJI*, a mutant four-base cutter used in a permissive buffer with the recognition site RGC. 21 Computational analyses were performed on the E. coli W3110 genome to predict the number of clones generated from each digest that would constitute a complete TM domain library. Our partial library of 477 TM domains constitutes only a small sampling of the total number of TM domains that we estimated would be generated by this approach. Given the successes that we found in screening this small sample, we anticipate that a large amount of information regarding helix-helix interactions will be made available by further screening of such libraries.
Of the 12 sequences that were identi®ed as being potentially dimerizing, 50 % came from known integral membrane protein transporters (DgoT, YjiO) or putative proteins with homology to integral membrane transporters (YhfC, YgfQ, YejE, YdjN). That this class predominates may be a result of the number of proteins in the transporter classes (125 out of an approximately 900 E. coli predicted integral membrane proteins in the E. coli genome (SwissProt database 29 ) and the large number of transmembrane domains found in these categories of proteins (typically 6-14 TMs).
Other TM domains may be underreported in the assay system due to several reasons. First, there are TM sequences that may not be available for selection on maltose as a sole carbon source. This could occur for several reasons, the most simple being that the DNA encoding a particular transmembrane domain is restricted by the enzymes chosen for fragment generation. This situation is minimized, however, by combining the complete AluI/RsaI and partial CviJI* libraries. It is also possible that an insert would encode a sequence that is a target for proteolysis, which would prevent a stable fusion protein containing that TM from forming. Second there are potential interacting TM sequences that are selected on maltose but fail to confer immunity to l cI at the plaque screening stage. This could occur because the inserts contain``extramembraneous'' sequences that interfere with dimerization of either the TM domain or the l cI headpiece domain. Finally, there is a large class of inserts that are selected on maltose and confer immunity, but upon Western analysis of the chimera using antibodies to both the cI and MBP domains, exhibit multiple products rather than a single, full length cI-ES-MBP chimera. This may be due to protein degradation in vivo or upon extraction, or to the presence of translational start signals within the insert, leading to synthesis of two stable proteins. In either case, the clones were not considered further because of the possibility that the stability of the soluble cI headpiece entity would allow a suf®cient accumulation of cytoplasmic cI headpiece such that its concentration approximates that which is capable of dimerizing and conferring immunity in the absence of a speci®c C-terminal dimerization domain. We found instances of this occurring when multiple (three or more) positive charges were applied immediately C-terminal to the cI linker region with no TM domain attached.
In addition to potentially missing some TM domain interactions, the multimerization screen also has the potential to report false positives As described above, some inserted sequences may contain non-dimerizing or weakly dimerizing TM domains that are¯anked by``extramembraneous'' sequences which contribute to dimerization. These clones are not eliminated at the Western screening stage, and are only con®rmed upon subcloning of the isolated TM fragment.
Once the clones containing inserts that conferred immunity to l cI phage and encoded full length fusion proteins were identi®ed, the apparent TM domains were subcloned into an alternative vector. This subsequent analysis was performed to determine whether the apparent TM domains were necessary and suf®cient for the phenotype of l immunity. There was no information available in any database regarding the tertiary structures of any of the TMs identi®ed as possibly multimerizing by our screen. As we observed, only ®ve out of the 11 subclones continued display that phenotype. There are several explanations for this phenomenon. First, it is possible that the window of apparent TM subsequence chosen for subcloning was not the optimal choice. Mingarro et al. 30 and Orzaez et al. 31 have suggested that the choice of the endpoints of the TM segment has a signi®cant effect on the dimerizing capacity of the GpA TM domain. For example, the choice of the YhfC subsequence could move up to four amino acid residues N-terminal to the window chosen, and the YbeV subsequence move up to seven amino acid residues N-terminal to the window chosen, and they would still maintain a highly hydrophobic nature. The windows that were chosen were done so with an effort to maximize hydrophobicity, and to not include what appeared to be the natural N-terminal stop transfer sequences (usually two or more positively charged residues).
Three of the sequences identi®ed by our multimerization screen constituted segments that were either out of the normal coding frame for that locus (ymcA, ydcP) or were from a locus that does not normally encode a protein (noncoding DNA). We and others have shown that when amino acid sequences are fused N-terminal to the mature MBP domain, those fusion proteins are stably expressed. However, when we subcloned those sequences into a vector that did not have the MBP domain, the presence of a protein sequence that is not normally expressed in E. coli may have resulted in instability of the fusion protein. Western analyses failed to reveal any full-length fusion protein encoded by these subclones, supporting the hypothesis that these sequences are unstable. Finally, for all of the sequences that failed to confer immunity to l upon subcloning, it is possible that the TM alone was not suf®cient for dimerization of the l headpiece. By biasing the library towards small inserts, we attempted to minimize this class of clones. However, we do anticipate that they will arise at some frequency.
In summary, multidisciplinary approaches to membrane protein structure and assembly will provide important sequence and structural information regarding the tertiary and quaternary organization of integral membrane proteins. Here, we demonstrated the potential utility of the in vivo random TM multimer assay system to identify novel helix-helix interaction domains as part of a successful route to membrane protein structural information.
Materials and Methods

Bacteria, phage, and plasmids
The bacterial strains and plasmids used in this study are listed in Table 1 . For routine culturing, E. coli strains were grown on NZ agar plates or in NZ medium. 32 When necessary, antibiotics were added to the following ®nal concentrations: kanamycin, 20 mg/ml; tetracycline, 12.5 mg/ml. Phage l cI used in ef®ciency of plating assays was grown and titered on JAH013 33 by standard methods. 34 The low copy number plasmid pACYC184 35 was the vector from which the recombinant plasmids used in this study were derived. Construction of E. coli for TM library selection: JAH143 (Table 1) carrying the MBP deletion malE444 was constructed by ®rst transducing JAH013 (Table 1) to rifampicin resistance with P1 grown on MM105 (malE, metA, rpoB)(laboratory collection). That strain was then transduced to met , and screened for rifampicin sensitivity, with P1 grown on MM39 (malE)(laboratory collection) to create JAH143. JAH143 was tested for endogenous sensitivity to l phage. The frequency of resistant mutants in cultures of both JAH143 and its parent MC1061 (JAH013) is 10
À2
.
Library plasmid construction
All fusion constructs initiating with the l headpiece were expressed from a lacUV5 promoter on pACYC184 derived plasmids. Library plasmids pJAH099 and 104-111 (Table 1 and Figure 1(a) ) which have all nine reading frame combinations were constructed as follows: a PCR product coding for the periplasmic linker from the Vibrio cholera ToxR protein followed by the mature E. coli MBP was ampli®ed from the template pKKgpa4 16 using one of three upstream primers: which create a HpaI site (underlined) in one of three reading frames (boldface), and the downstream primer (TCCCCCGGGTTAGTCTGCGCGTCTTTCAGGGCTTC mbp(SmaI)right) which creates a stop codon (boldfaced) and a SmaI site (underlined). PCR products coding for the l cI N-terminal DNA binding domain and l linker were ampli®ed from the template pJAH014 (this laboratory) using the upstream primer (GCGGAT CCACAAAAAAGAAACCATTAACACAAG lambda 5'(BamHI)) and one of three downstream primers: which create three or four positively charged residues (KRK, KRKR, and KRK respectively) followed by a HpaI site (underlined), in one of three reading frames (boldfaced). The resulting fragments were digested with HpaI and ligated together in all nine possible combinations of a l cI headpiece containing fragment and an MBP containing fragment. The joined fragments were then reampli®ed with the l 5 H (BamHI) upstream primer and the mbp (SmaI)right downstream primer, digested with NsiI and BssHII, which cut in the cI and malE coding regions, respectively, and ligated into pJAH087 15 digested with NsiI and BssHII to create pJAH099, 104-111.
Production of E. coli export domain library
Chromosomal DNA from E. coli W3110 was extracted by the guanadinium HCL method of Pitcher et al. 36 A 2 mg sample of DNA was digested either to completion with AluI and RsaI, or partially with CviJI*; 600 ng of digested DNA was ligated to 100 ng HpaI digested, dephosphorylated, and pooled pJAH099, 104-111 in 1 Â NEB T4 polynucleotide kinase buffer plus 1 ml of 1 mM ATP (®nal vol 25 ml) and NEB high concentration T4 ligase at 4 C overnight. Ligated DNA (100 ng) was transformed into electrocompetent TG1 cells (Stratagene) and plated on NZ containing 12.5 mg/ml tetracycline. About 1 million tetracycline resistant transformants arose, which were pooled and plasmid DNA was extracted by the Qiagen Midi Prep method. Plasmid DNA (2 mg) was digested with HpaI to remove any religated vectors, and then 100 ng of the puri®ed HpaI digested plasmid prep was transformed into electrocompetent JAH143, selecting for growth on M63 minimal medium containing methionine, leucine, 12.5 mg/ml tetracycline, 10 mM IPTG and maltose as a sole carbon source. After 48 hours, about 150 large colonies were visible in each transformation. A total of 477 of these were picked from six independent transformations (about 50 % of the total), subcultured onto the same medium, and picked into NZ broth glycerol in microtiter dishes for storage at À80 C.
TM library bacteriophage l l l cI immunity assay JAH143 expressing the pJAH099, 104-111 mal clones were grown overnight in 96-well microtiter dishes containing 100 ml NZ broth and 12.5 mg/ml tetracycline for plasmid selection. Cells were back diluted 1:20 into microtiter dishes containing the same medium, in the presence or absence of IPTG, as indicated. Cells were grown to A 600 0.65 and 10 ml of cultures were spotted onto NZ plates containing 12.5 mg/ml tetracycline, IPTG at the same concentrations as in the growth medium, and 10 5 plaque forming units of l cI phage or no phage. After overnight incubation at 37 C, the E. coli spots were observed for the presence of plaques. Sensitive strains typically had 25-50 plaques/bacterial spot. Therefore, in this assay, immunity is de®ned as exhibiting an ef®-ciency of plating, expressed as number of plaques/number of pfu l cI phage, of 42 Â 10
À2
Quantitative bacteriophage l l l cI immunity assay JAH143 derivatives expressing the vector pJAH01 derived l cI headpiece -TM fusion plasmids were grown overnight in NZ broth containing appropriate antibiotics for plasmid selection. Cells were back diluted 1:100 into NZ broth plus antibiotics in the presence or absence of IPTG, as indicated. Cells were grown to A 600 0.65-0.70 and 100 ml of culture were plated with 3 ml NZ top agar. After approximately 30 minutes, 10 ml aliquots of l cI phage containing 10-10 6 plaque forming units (pfu) were spotted on the top agar. After overnight incubation at 37 C, the E. coli lawns were observed for plaques. In this assay the level of immunity is assessed by ef®ciency of plating (expressed as number of plaques/number of pfu), which was calculated as the highest dilution spot containing well isolated plaques (1-20 plaques). As a control for phage infection, lawns were also spotted with the virulent phage l vir.
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Subcloning TM domains into pJAH01 TM domains were ampli®ed from the random library clones using the oligos described in Supplementary Material Table 1 . The upstream oligonucleotides add an A¯III site (underlined) and positively charged residues to the N-terminal end of the TM, and the downstream oligonucleotides add an NcoI site (underlined) to the Cterminal end of the TM. The PCR products were digested with A¯III and NcoI and cloned into A¯III digested and dephosphorylated pJAH01.
Site directed mutagenesis for amino acid replacements in YjiO TM6
Amino acid substitutions were created by incorporation of mutagenic oligonucleotides during PCR ampli®-cation of the YjiO TM6 fragment. The oligos used to introduce the site-directed mutations are described in Supplementary material Table 2 . PCR products were digested with A¯III and NcoI and cloned into pJAH01 as described in the previous section.
Molecular modeling
A global molecular dynamics simulation strategy was used to identify structures that settle into local potential energy minima from a search of all possible rotational interactions of restrained a-helices. All calculations were performed using the crystallography and NMR System (CNS). 29 Helix modeling was conducted using the CNS Searching of Helix Interactions (CHI, version 1.1). 12, 37, 38 A description of the CHI program can be viewed at http://www.csb.yale.edu/userguides/datamanip/chi/ html/chi.html. All searches conducted were speci®ed to be parallel homo-oligomeric two-helix searches.
